We used a time-resolved interfacial tension measurement method with quasi-elastic laser scattering to investigate the effects of electrolytes and various surfactants on the nonlinear dynamics of the chemical oscillation that occurred at a water/nitrobenzene interface when a surfactant was added to the interface through a capillary. For both cationic and anionic surfactants, an electrolyte in the water phase was required for slow desorption of the surfactant from the interface. In the absence of an electrolyte, repulsion between the polar head groups of the ionic surfactants hindered adsorption of the surfactant molecules at the interface, resulting in their rapid desorption. In contrast, the presence of an electrolyte induced adsorption of the surfactant ions by screening their charged polar heads. Zwitterionic and nonionic surfactants were also examined and we deduced that the salting out effect of the surfactant produced by the presence of an electrolyte results in strongly attractive interactions between the surfactant molecules and the water/nitrobenzene interface.
Introduction
When a solution of a surface-active agent, such as a detergent or a low molecular-weight alcohol, is added to a water/oil interface, a visible flip motion of the interface occurs spontaneously. [1] [2] [3] [4] [5] [6] [7] Continuous addition of the surface-active agent induces the flip motion repeatedly at a constant time interval. The flip motion is associated with the heterogeneity of the interfacial tension of the water/oil interface touching on the container wall, resulting in the rapid change of wetness of the water and oil phases. 8 Such nonlinear dynamics of interfaces have drawn much attention because the motion is a typical non-equilibrium physicochemical phenomenon, and many theoretical and experimental studies of this type of motion have been reported. For example, electrochemical analysis of the time course of the interfacial electrical potential showed that the flip motion is accompanied by rapid transport of surfactant ions from one phase to another. [9] [10] [11] [12] [13] [14] [15] [16] [17] Moreover, recent approaches using tensiometrical or electrochemical analysis support the currently accepted hypothesis regarding the nonlinear dynamics of water/ oil interfaces: that is, that the heterogeneity of interfacial tension is generated by locally adsorbed surfactant ions at the interface above or below the capillary, where the interfacial tension should be smaller than that of the surrounding area; and tangential (Marangoni) convection in the vicinity of the interface occurs simultaneously with the flip motion, which restores the homogeneity of the interfacial tension. This process is referred to as chemical oscillation or chemical excitation. Kovalchuk et al. [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] showed that the dynamics at an air/water or a water/ organic interface affect the heterogeneity of the interfacial tension caused by the addition of an alcoholic surfactant through a capillary. Using time-resolved quasi-elastic laser scattering (QELS) measurements, [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] Ikezoe et al. [33] [34] [35] found that surfactant molecules are rapidly adsorbed and gradually desorbed when an aqueous surfactant solution is introduced to the interface between aqueous and organic phases with a capillary.
In previous work, we used QELS, a direct method for measuring the heterogeneity of interfacial tension during such chemical oscillations, to study interfacial tension after the addition of sodium lauryl sulfate (NaC12S) to a water/ nitrobenzene system through a capillary. 43 Because the NaC12S solution is denser than water, the solution flows downward to the interface with negligible diffusion of the C12S ions and sodium ions. Within 0.2 s of the rapid flip motion of the water/nitrobenzene interface, the interfacial tension of the region beneath the capillary (referred as the contact site) decreases and then recovers to the initial value in 1 s. The interfacial tension at the region 15 mm away from the contact site remains unchanged (there is no chemical oscillation) when the interface exhibits the flip motion. That is, we found that the C12S ions adsorb only at the contact site, resulting in the flip motion, and then desorbs and diffuses rapidly from the contact site into the bulk water phase or the nitrobenzene phase. Moreover, when the aqueous phase contains electrolytes such as LiCl, the time course of the interfacial tension at both sites changes. The interfacial tension is not restored within 1 s of the flip motion but is instead gradually recovered over the course of a couple of minutes; and the rapid decrease and gradual increase of the interfacial tension is repeated with an interval of several minutes (chemical oscillation). These results indicate that the ionic surfactant rapidly adsorbs at the whole interface owing to the Marangoni convection, and then the surfactant desorbs and diffuses gradually into the water or nitrobenzene bulk phase in this biphasic system in presence of an electrolyte. Although the effects of the electrolyte and surfactant on the water/oil interface have been discussed in detail for a static system (i.e., an equilibrium system) and for a simple diffusion system in a sublayer of the interface, [44] [45] [46] [47] [48] [49] [50] the role of the electrolyte in a complex, nonlinear system has not been fully clarified.
Thus, the goal of the current study was to clarify the effect of the electrolyte on the chemical oscillation of the water/ nitrobenzene biphasic system by means of time-resolved QELS measurements. To achieve this goal, we investigated the behavior of the system with surfactants of various alkyl chain lengths, as well as with cationic, anionic, zwitterionic, and nonionic surfactants in the presence of the LiCl, NaCl, and LiBr as the electrolytes.
Experimental

Reagents and chemicals
Sodium salts of hexylsulfuric acid (C6S), octylsulfuric acid (C8S), decylsulfuric acid (C10S), dodecylsulfuric acid (C12S), and tetradecylsulfuric acid (C14S); octadecyltrichlorosilane; tetrabutylammonium bromide; and sodium tetraphenylborate were purchased from Kanto Chemical Co. (Japan). Octyltrimethylammonium bromide (OTAB), 3-(dimethyloctylazaniumyl)propane-1-sulfonate (DOPS), and β-octylglucoside (OG) were purchased from Tokyo Kasei Co. (Japan). A supply of 3,7-bis(dimethylamino)phenothiazinium chloride (methylene blue) was purchased from Wako Pure Chemical Industries (Japan). Inorganic reagents and organic solvents were purchased from Kanto Chemical Co. All the reagents were used as supplied. Water was purified and deionized with a Milli-Q system (Integra3) supplied by Nihon Millipore (Japan).
Apparatus
The apparatus used for the QELS measurements has been described in detail elsewhere. [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] Briefly, the water/oil interface was irradiated with an Nd-YAG laser (JUNO 100, 96 mW, Showa Optronics Co., Japan) at 532 nm. The laser beam was split with a 95/5 beam splitter, and the 5% segment was introduced to an acousto-optic modulator (1205C-2, Isomet, Springfield, VA) and then to the interface as a reference beam. The water/oil interface with the capillary wave quasi-elastically scattered the irradiation beam, and the scattered light that was mixed with the reference beam was detected with an avalanche photodiode (C5331-11, Hamamatsu, Japan). The frequency of the scattered light, which was analyzed using a digital spectrum analyzer (RSA3308A, Tektronix, OR), was used to determine the interfacial tension by means of Lamb's equation. 51 For laser irradiation of the water/oil interface, the inner wall of a quartz cell (bottom area = 4 × 4 cm 2 ) was chemically modified with a 10% toluene solution of octadecyltrichlorosilane, and nitrobenzene and water were layered in the surface-modified cell (each layer was 1 cm thick). The irradiation and reference beams were focused on the water/nitrobenzene interface. A syringe pump (780200E, KD Scientific, Holliston, MA) equipped with a capillary (i.d. = 0.5 mm) made of tetrafluoroethylene-perfluoroalkylvinylether copolymer and a Hamilton syringe was used to direct the aqueous surfactant solution at a constant flow rate of 3 μL min -1 to the water/nitrobenzene interface.
Determination of the dodecylsulfate concentration in the water phase
We measured the concentration of dodecylsulfate in the water phase by means of a previously described protocol. 52 A methylene blue solution (500 mL; methylene blue 0.015 g, sulfuric acid 6 g, dry sulfuric acid sodium salt 25 g) was prepared, and 10 mL of the solution was mixed with the aqueous solution of dodecylsulfate (30 mL) and chloroform (10 mL) in a funnel. Then the chloroform phase containing the dissolved complex of dodecylsulfate and methylene blue was separated from the aqueous phase.
The correlation line for the concentration of dodecylsulfate was drawn by measuring the absorbance of the chloroform solution with a UV-vis spectrometer (V-570, JASCO, Japan). The correlation coefficient (r 2 ) was 0.999.
Synthesis of tetrabutylammonium-tetraphenylborate
Equimolar amounts of tetrabutylammonium bromide and sodium tetraphenylborate were added to a stirred solution of water/ethanol/acetone (1/2/7, v/v/v), and the mixture was stirred at about 35 C to dissolve the precipitates of white crystal completely. The resulting solution was incubated for the recrystallization of tetrabutylammonium-tetraphenylborate (TBATPB) at room temperature (20 -23 C) . The crystals were filtered off, rinsed with water/methanol (1/9, v/v), and then recrystallized again from ethanol/acetone (1/4, v/v) to afford white crystals of TBATPB in 70% yield.
Results and Discussion
Effect of the electrolyte in the water phase on the pulse-like change in interfacial tension
First, we determined the time-dependent change in interfacial tension at the water/nitrobenzene interface when 10 mM aqueous NaC12S was added through the capillary tube for 20 min, as described in a previous report. 43 The measurement of interfacial tension of water/nitrobenzene was examined 15 mm away from the site beneath the tip of the capillary. Since the flow rate was constantly 3 μL/min, the final concentration of added NaC12S in water phase was less than 40 μM in 20 min measurement. Note that this value is smaller than the critical micelle concentration of NaC12S. 46 Both the water phase in the quartz cell and the surfactant solution in the syringe contained LiCl (0 -1 M). The LiCl concentration affected both the amplitude and the time interval of the pulse-like change in interfacial tension, that is, the non-equilibrium state of the water/nitrobenzene interface ( Fig. 1 ). In the presence of LiCl, the flip motion of the interface was observed visually each time the pulse-like change occurred. Note that in the absence of LiCl, the biphasic system exhibited no chemical oscillation in the interfacial tension, but the autonomous flip motion of the interface occurred repeatedly. This flip motion was due to induction of the Marangoni convection by the transitional and local adsorption of C12S ions beneath the capillary.
In this study, we focused on clarifying the effect of the electrolyte incorporated on the non-equilibrium dynamics of the surfactant at the water/oil interface. The time course of the variation of interfacial tension with LiCl concentration indicated that desorption of C12S ions at the interface was likely affected by LiCl in the water phase (Fig. 1) . Therefore, we carried out three experiments to clarify the effect of the electrolyte in the water phase.
In the first experiment, to measure the amount of C12S ions desorbed from the interface to the aqueous phase immediately after the flip motion and Marangoni convection, we determined the C12S ion concentration by measuring the absorbance of a C12S-methylene blue complex, as described in a previous report. 52 After the solution of NaC12S (10 mM, 6 μL) was rapidly added to the biphasic system of water (16 mL) and nitrobenzene (16 mL) and the flip motion of the interface was confirmed, the water phase (15 mL) was immediately collected, and the C12S ion concentration in the water phase was determined. At a water-phase LiCl concentration of 0.1 M, 90 ± 2% (mean ± relative standard deviation) of the initial amount of C12S ions were present in the collected water phase. In contrast, in the absence of LiCl, 84 ± 1% of the initial amount of C12S ions were present in the collected water phase. This difference was probably due to a change in the solvency of the interface, the sublayer of the interface, or the nitrobenzene phase; the C12S ions that desorbed from the interface were distributed mainly into the water phase owing to the greater solvency of the water phase. Thus, the electrolyte in the water phase likely affected the pulse-like change in interfacial tension observed when the surfactant solution was added continuously to the biphasic system.
In the second experiment, to clarify the electrostatic environment of the water/nitrobenzene interface on the chemical oscillation, we examined the effect of hydrophobic electrolytes in the nitrobenzene phase. During the addition of aqueous C12S ions (10 mM), a biphasic system consisting of water (in the absence of LiCl) and nitrobenzene containing dissolved TBATPB at 0.01 or 0.1 M showed slight pulse-like changes in interfacial tension (amplitude less than 2 mN m -1 ) at the time of the flip motion. However, there was no clear correlation between the amplitude of the pulse-like change and the TBATPB concentration in the nitrobenzene phase (Fig. 2) . This result indicates that the electrolyte at the interface or the aqueous sublayer in the vicinity of the interface affected mainly the desorption of C12S ions.
In the third experiment, we focused on the interaction between the electrolyte and the polar head groups of the ionic surfactant. To examine the ion exchange reaction between C12S ions and electrolytes at the water/nitrobenzene interface, we prepared an 0.1 M aqueous solution of LiBr or NaCl and then added a 10 mM solution of C12S ions to the interface between the aqueous electrolyte solution and nitrobenzene with the capillary. The time-dependent change in the interfacial tension of the biphasic system upon continuous addition of the C12S ion solution indicated that the chemical oscillation and the flip motion of the interface occurred for both electrolytes (Fig. 3) . The amplitudes of the pulse-like changes in the interfacial tension were almost the same for the two electrolytes (6.0 ± 2.5 mN m -1 ). However, the time interval was affected by the change in anion from Cl -to Br -. The time interval with aqueous LiBr was 5.7 ± 0.3 min, whereas that with aqueous LiCl or NaCl was 3.3± 0.5 min. For a setup similar to that used in this study, Yui et al. reported the species dependence of the ion exchange reaction between surfactant ions and electrolytes at the interface on the chemical oscillation. 40 The significance of our current findings is that electrolyte dissolved only in the water phase affected the adsorption and desorption of the surfactant ions involved in the ion exchange reaction at the water/nitrobenzene interface. On the basis of the results of these three experiments, we argue that the pulse-like change in the interfacial tension of the water/nitrobenzene interface was due to the screening effect of the electrolyte on the repulsive interaction between the ionic polar head groups of the surfactants and to the suppression of surfactant desorption from the interface.
Dependence of the pulse-like change in interfacial tension on the nature of the polar head group and the alkyl chain length of the surfactant
To elucidate how the interface interaction between the surfactant molecules and the electrolytes in the water phase under non-equilibrium conditions was affected by repulsion between the polar head groups of the absorbed surfactants, we measured the time-dependent change in interfacial tension at the interface using surfactants bearing various types of polar head groups at water-phase LiCl concentrations of 0, 0.1, and 1 M. For C8S ions, the time-course of the interfacial tension was similar to that for C12S ions with regard to the LiCl concentration ( Fig. 4A) : the amplitude of the pulse-like change increased from almost zero to 1.8 ± 0.6 mN m -1 as the LiCl concentration increased. The use of OTAB, which has a positively charged polar head with the same alkyl chain length as that of the C8S ion, resulted in the pulse-like change in interfacial tension and the spontaneous flip motion of the water/nitrobenzene interface, and the amplitude of the pulse-like change increased from almost zero to 1.8 ± 0.5 mN m -1 with increasing LiCl concentration (Fig. 4B) . With the zwitterionic surfactant, DOPS, the pulse-like change occurred even in the absence of LiCl in the water phase, with an amplitude of 1.3 ± 0.5 mN m -1 (Fig. 4C) ; and the amplitude did not change markedly when the concentration of LiCl was increased from 0 to 1 M. This finding indicates that the desorption dynamics of DOPS was not dominated by the LiCl dissolved in the water phase but derived from the ion pairing of zwitterionic polar heads of DOPS at the interface affording dimarization. In terms of the time interval of the pulse-like change of the interfacial tension, we summarized that ion pairing of the zwitterionic polar heads is accelerated by the concentration of LiCl and the paired DOPS becomes more hydrophilic than monomeric DOPS, resulting in the decrease of the time interval of the pulse-like change.
Note that because DOPS has a zwitterionic polar head group, there was no repulsion between the head groups, even in the absence of the electrolyte, and DOPS was not likely to be desorbed at the water/nitrobenzene interface.
Thus, we continuously added OG, which has a nonionic polar head. The addition of OG to the interface induced the chemical oscillation in the absence of LiCl in the water phase. Moreover, the amplitude of the pulse-like change in interfacial tension increased from 1.1 ± 0.4 to 2.3 ± 0.6 mN m -1 with increasing LiCl concentration (Fig. 4D) . These results provide convincing evidence that the electrostatic interaction between the polar head groups triggered the chemical oscillation. Moreover, the fact that OG has a nonpolar head group indicates that the interaction between the surfactant and the water/nitrobenzene interface was unlikely to have been determined by the direct electrostatic interaction alone.
This result was found experimentally for the first time in this study. That is, the amplitude of the pulse-like change in interfacial tension upon addition of OG depended on the LiCl concentration. The suppression of surfactant desorption, that is, the chemical oscillation, was due to some factor other than the reduction of the repulsive interaction between the polar head groups of the surfactant.
To determine that other factor, we studied the salting out effect afforded by addition of the electrolyte, which is well known in the equilibrium state. We measured the time-dependent change in the interfacial tension of the water/nitrobenzene interface during continuous addition of sulfuric acid surfactants with alkyl chains of various lengths. In the presence of 0.1 M LiCl, introduction of the C6S ion solution through the capillary induced the autonomous flip motion of the interface; however, the interfacial tension was constant. When C8S, C10S, C12S, or C14S ions were added to the interface, the interface exhibited pulse-like changes in interfacial tension at the time of the flip motion. The amplitude and time interval of the pulse-like change were positively correlated with alkyl chain length as follows: 0.9 ± 0.3 mN m -1 with a 1.9 min interval for C8S; 2.3 ± 0.8 mN m -1 with a 2.8 min interval for C10S, 6.7 ± 0.8 mN m -1 with a 3.5 min interval for C12S, and 17 mN m -1 for C14S (the pulse-like change in case of C14S occurred once during the measurement). Ikezoe et al. [33] [34] [35] reported that even in a non-equilibrium state, the surface activeness of sulfuric acid surfactants causes desorption of the surfactant ions at the interface in the presence of electrolytes dissolved in both the water phase and the organic phase. We observed the tendency for nonlinear dynamics only when an electrolyte was present in the water phase. Note that the addition of the C14S ion solution induced the pulse-like change in interfacial tension at the time of the flip motion regardless of whether LiCl was present in the water phase (Fig. 5 ). This result indicates that the hydrophobicity of the surfactant also affected the dynamics of the desorption of the ionic surfactant after its adsorption at the interface in the non-equilibrium state.
Interaction between the surfactant and the electrolyte during chemical oscillation at the interface
The pulse-like change in interfacial tension results from the adsorption and desorption of surfactants at the interface, and the flip motion of the interface, that is, Marangoni convection, is induced by the heterogeneity of the interfacial tension owing to local adsorption of the surfactant at the interface. Our current findings indicate that the dynamics of the desorption of the anionic and cationic surfactants with relatively short alkyl chains were influenced predominantly by the electrolyte concentration in the water phase. Since this is because the surfactant ions were more soluble in the water phase, the electrolyte affected the dynamics of surfactant desorption, which in turn affected the amplitude and time interval of the pulse-like change in interfacial tension: specifically, the higher the electrolyte concentration in the bulk water phase, the slower the desorption of the surfactant (except DOPS).
The electrolyte may have exerted its effect by screening repulsion between the ionic polar heads. The matrix effect of electrolytes on the surface activeness of surfactants under equilibrium conditions has been evaluated both experimentally and theoretically in previous studies. For example, the electrolyte was found to suppress diffusion of monomeric surfactant ions, and this suppression (i) increases the surface excess of surfactant ions at an air/water or water/oil interface [44] [45] [46] and (ii) results in a low critical micelle concentration (CMC) of the surfactant in a high-ionic strength solution. [47] [48] [49] Under the non-equilibrium conditions of our study, a consideration of the free energy of the system can partially explain the surfactant dynamics at the water/nitrobenzene interface. Since the free energy change associated with adsorption of surfactant is lower than that of its micelle formation 53 and the total amount of added surfactant is less than that of surfactant at CMC in the current study, we can neglect the micelle formation during the desorption of the surfactant at the interface. Zwitterionic surfactant DOPS and nonionic surfactant OG caused the pulse-like change in interfacial tension in the absence of LiCl, probably because the polar head groups of DOPS and OG were not subject to repulsive interaction even at the interface. In contrast, the ionic surfactants, that is, the sulfuric acid surfactants and OTAB, adsorbed at the interface experienced repulsion at the molecular level and tended to desorb from the interface, and the electrolyte screened the repulsion.
Note that the current studies were carried out on a system in a non-equilibrium state. When we discuss the unique behavior of the interfacial tension observed for the surfactants bearing zwitterionic or nonionic polar heads, we must consider not only the direct electrostatic interaction between the surfactant and the interface but also other factors such as how the ionic strength affected the solvent affinity for surfactant. Furthermore, the pulse-like change in interfacial tension upon OG addition was affected by the LiCl concentration in the water phase, partly because of the enthalpy affinity of water for electrolyte ions larger than OG and because of the entropic driving force derived from the salting out of OG.
When we evaluated the chemical oscillation caused by sulfuric acid surfactants with different chain lengths, we found that the amplitude and time interval of the pulse-like change in interfacial tension were also affected by the chain length of the surfactant. Upon addition of C14S ions, the chemical oscillation occurred even in the absence of LiCl. Because the hydrophobicity of sulfuric acid surfactants increases with increasing alkyl chain length, the surface excess amount of the surfactants at the interface increased, and thus desorption from the interface was also suppressed.
Eastoe and Dalton have discussed the dynamics of the adsorption and desorption of surfactants in the presence of an electrolyte. 44, 45 Lucassen-Reynders pointed out that the charge balance at the interface affects the dynamics of absorption and desorption in a diffusion system at the sublayer. 46, 47 In addition, the kinetics of structural water molecules at the water/oil interface or surrounding surfactant molecules have been the subject of sum frequency generation studies. 54 On the basis of these previous reports and our results, we propose the following mechanism for the pulse-like change in interfacial tension observed in our study (Fig. 6 ): Immediately after the adsorption of the surfactants at the interface by means of the Marangoni convection, repulsion between the polar head groups was suppressed by screening of the charges by the electrolytes. In addition, owing to the high ionic strength solution, it is unlikely that hydration structures for desorbing surfactant from the interface is formed, which in turn resulted in slow desorption of the surfactant ions. This proposed mechanism should be evaluated with quantitative measurements that directly provide information about whether the surfactants are present in excess at the interface. However, the QELS method provides only limited information for the quantification of surfactants at a liquid/liquid interface. Therefore, work on the use of probing methodology such as fluorescence analysis to study the chemical oscillation is in progress.
Conclusions
In this study, we focused on the effects of the electrolyte and surfactant on chemical oscillation at a water/nitrobenzene interface. The behavior of the surfactants was studied by measurement of the change in interfacial tension by means of QELS. When ionic surfactants such as sulfuric acids and OTAB were added to the water/nitrobenzene interface, a flip motion of the interface was observed, but there was no pulse-like change in interfacial tension measured by means of QELS. In the presence of an electrolyte, the interfacial tension decreased at the time of the flip motion, and the change in interfacial tension was positively correlated with the electrolyte concentration in the water phase. We concluded that the electrolyte promoted adsorption of the ionic surfactants to the interface by screening the repulsive interactions between the ionic polar heads of the surfactants. Upon addition of the nonionic surfactant OG or the zwitterionic surfactant DOPS, the interfacial tension exhibited the pulse-like change in both the presence and the absence of an electrolyte. The amount of the nonionic surfactant OG adsorbed at the interface was correlated with the electrolyte concentration. The salting out effect of the surfactant produced by the electrolyte increased hydrophobic interactions between the surfactant molecules and the water/nitrobenzene interface. We believe this effect to be responsible for the difference between the behaviors of the nonionic and the zwitterionic surfactants at the interface. This study provides the first experimental clarification of the effect of the electrolytes on the nonlinear dynamics of surfactants at a water/oil interface.
